A novel assay for cytochrome P-450-dependent 14a-sterol demethylase of the important opportunistic fungal pathogen, Candida albicans, is described. The enzyme was assayed in microsomal preparations (microsomes) by measuring the incorporation of [14C]lanosterol into (4,14)-desmethylated sterols. The efficacy of different cell-breakage methods was compared; desmethylated-sterol biosynthesis was maximal when cells were broken with a Braun disintegrator. The solubilization of [14C]lanosterol with detergent in the assay system was essential for enzyme activity, which was enhanced considerably when microsomes were gassed with 02-Under these conditions, there was a reciprocal relationship between the amount of radioactivity incorporated into desmethylated sterols and that lost from lanosterol. The major radiolabelled desmethylated sterol was ergosterol. The enzyme had an apparent Km of 52.73 + 2.80 ,uM and an apparent Vmax of 0.84+0.14 nmol/min per mg of protein (n = 3). Enzyme activity was decreased greatly when microsomes were treated with CO or the triazole antifungal ICI 153066.
INTRODUCTION
Candida albicans is a widespread opportunistic fungal pathogen responsible for superficial and systemic candidoses (Odds, 1988) . Members of the recently introduced azole (N-substituted imidazole or triazole) class of antifungal antibiotics are used commonly in the treatment of mycoses, including candidoses (Fromtling, 1988) . The mode of action of azoles is complex: they inhibit a number of membrane-bound enzymes (Uno et al., 1982; Portillo & Gancedo, 1984; Mason et al., 1985) , and some of them affect membranes by binding to lipids (Cope, 1980; Brasseur et al., 1983) . However, the primary mode of action is probably the inhibition of 14a.-sterol demethylase (Vanden Bossche et al., 1986) , an important enzyme in ergosterol (ergosta-5,7,22-trien-3,-ol) biosynthesis in fungi and in cholesterol (cholest-5-en-3,i-ol) biosynthesis in mammals. Azole-treated cells accumulate 14a-methylated sterols, which disrupt membrane structure and function (Yeagle et al., 1977) .
The potency of azoles may be evaluated by measuring the incorporation of [14C]acetate or ['4C ]mevalonate into the 14a-methylated sterols of azole-treated cells (Van den Bossche et al., 1978; Marriott, 1980; Hitchcock et al., 1987) . Comparison of these data with those obtained from studies on cholesterol biosynthesis has demonstrated that the mammalian 14a-sterol demethylase is much less sensitive to azole antifungals (e.g. see Marriott et al., 1986; Vanden Bossche et al., 1986) .
Removal of the 14a-methyl group (C-32) from lanosterol (4,4,14a-trimethyl-5a-cholesta-8,24-dien-3/?-ol) involves cytochrome P-450, and this process has been studied extensively by using 14a-sterol demethylase purified from rat liver (Trzaskos et al., 1986) and from the yeast Saccharomyces cerevisiae . Both enzymes catalyse the complete oxidative demethylation of 24,25-dihydrolanosterol to 4,4- dimethyl-5a-cholesta-8,14-dien-3,8-ol and formic acid.
The reaction requires NADPH and molecular 02, and is inhibited by CO. Furthermore, the yeast 14a-sterol demethylase has been used to study the interaction of azole antifungals with the active site of the enzyme (Yoshida & Aoyama, 1986 . The imidazole or triazole moiety binds to the sixth co-ordination position of the haem, while the substituent groups of the antifungal interact with the apoprotein of the enzyme.
In contrast, there is a paucity of information on 14ac-sterol demethylase in C. albicans: the enzyme has never been purified or characterized in microsomal preparations. In order to investigate the 14a-demethylation process in C. albicans, we have developed a sensitive and simple assay for 14a-sterol demethylase with [14C]lanosterol as substrate. We report now some of the properties of microsomal 14a-sterol demethylase, a key enzyme in ergosterol biosynthesis and target site for the azole antifungal antibiotics.
Mechanical disruption of cells
Yeast cell suspensions (2 x 109 cells/ml) were prepared from late-exponential-phase cultures in the following disruption buffer: 100 mM-potassium phosphate (pH 7.4) containing 30 mM-nicotinamide, 5 mM-Nacetylcysteine, 5 mM-MgCl2, 0.25 mM-phenylmethanesulphonyl fluoride and 20 (v/v) 900 (v/v) ethanol, and lipids were saponified by heating at 80°C for 1 h. After cooling, the NSF lipids were extracted with light petroleum (b.p. 60-80°C) and the solvent was removed by rotary evaporation. The residue was dissolved in a small volume of chloroform/methanol (2: 1, v/v) and loaded on silica-gel H preparative t.l.c. plates. The NSF lipids were separated at 4°C with solvent system 1. Lipids were detected under u.v. light at 350 nm, and the 4,4-dimethylated sterol fraction was identified by .comparison of its RF valUe with t-hat of an authentic lanosterol standard. The 4,4-dimethylated sterol fraction was eluted from the silica gel with chloroform/methanol (2: 1, v/v), reduced to dryness under a stream of N2 and acetylated as described above. After drying under N2, the residue was dissolved in a small volume of chloroform/ methanol (2: 1, v/v) and loaded on silica-gel H analytical t.l.c. plates impregnated with 10 % AgNO3. The chromatogram was developed at 4°C with toluene/hexane (1:1, v/v), and the band corresponding to lanosteryl acetate (RF = 0.22) was identified under u.v. light at 350 nm, by reference to an authentic standard. Lanosteryl acetate was eluted from the silica gel with chloroform/ methanol (2:1, v/v) and reduced to dryness under N2 before being saponified with 3 M-KOH in 90 % (v/v) ethanol. The non-saponified sterol was extracted with light petroleum (b.p. 60-80°C) and, after rotary evaporation, the residue was dissolved in water-saturatedchloroform/methanol (19:1, v/v) for the removal of non-lipid contaminants (Wells & Dittmer, 1963) .
In order to check the purity of the [14C]lanosterol, a sample of lanosteryl acetate was chromatographed at 4°C on alumina impregnated with 10 % AgNO3 with toluene/hexane (1:3, v/v) as the developing solvent. Autoradiography of the t.l.c. plate revealed one band with an R. value of 0.38, corresponding to that of the authentic standard. When subjected to g.l.c. as described by Hitchcock et al. (1986) 
RESULTS

Efficacy of cell breakage and sterol biosynthesis
Cellular lysates of C. albicans A yeast cultures were prepared either by mechanically disrupting cells with a Braun disintegrator or French pressure cell, or by enzymic digestion of the cell wall. In each case 93 + 5 00 of the cells were disrupted, as judged by haemocytometer counts, giving an S5-cell-lysate (i.e. the supernatant obtained after centrifugation at 5000 g for 20 min) protein concentration in the range 10-12 mg/ml.
In cell-lysate incubations with [2-14C]mevalonic acid, approx. 400 of the total radioactivity was recovered in the NSF, irrespective of the method of cell disruption. The NSF was separated by t.l.c. (Fig. 1 ) into desmethylated sterols (0.22), 4 ac-methylated sterols (0.35), 4,4-dimethylated sterols (0.40), an unidentified lipid (0.87) and squalene (0.96), with RF values indicated. Fig. 2 shows the results typical of an experiment comparing the incorporation of radioactivity into the NSF of lysates prepared from the same batch of cells but by using different cell-disruption procedures. In Braundisintegrator lysates radioactivity was incorporated rapidly into squalene up to an incubation period of 20 min, after which the amount of radioactivity decreased steadily. In contrast, the radiolabel was incorporated into desmethylated and 4,4-dimethylated sterols linearly with respect to incubation time, and after an incubation period of 50 min desmethylated sterols had incorporated approx. 1.2-fold and 7-fold more radioactivity than had squalene and 4,4-dimethylated sterols respectively. Fig. 2 shows clearly that the pattern of incorporation of [2-'4C] biosynthesized much less desmethylated sterols and more 4,4-dimethylated sterols compared with Braun-disintegrator lysates. In fact, after a 50 min period of incubation sphaeroplast lysates had incorporated approx. 8000 dpm of radioactivity into desmethylated sterols, whereas French-pressure-cell lysates incorporated only a trace amount (< 1000 d.p.m.) of the radiolabel. The accumulation of 4,4-dimethylated sterol precursors at the expense of desmethylated sterols in lysates indicates that the sterol-biosynthetic pathway was affected by the sphaeroplast and French-pressure-cell breakage methods. In contrast, Braun-disintegrator lysates biosynthesized readily desmethylated sterols from 4,4-dimethylated sterols, and, on the basis of this observation, the Braundisintegrator method was chosen for further experiments with 14a-sterol demethylase in C. albicans preparations. In order to identify the components of the desmethylated and 4,4 dimethylated sterol fractions, sterols were acetylated and chromatographed on AgNO3-impregnated silica-gel H t.l.c. plates. activity from the 4,4-dimtthylated sterol fraction remained at the origin. The major radioactive components of this fraction had the chromatographic properties of 4,4-dimethyl-24,25-dihydro-and 4,4-dimethyl-A24-steryl acetates.
Measurement of 14a-sterol demethylase activity with I'4Cllanosterol
The activity of 14a-sterol demethylase in microsomes was assayed by measuring the incorporation of [14C]-lanosterol into desmethylated sterols, and a number of factors that influence this activity are shown in cofactor solution to give a final assay concentration of 0.1 % (v/v). Tween 80 increased 14a-sterol demethylase activity approx. 5-fold compared with Tween 40, but enzyme activity could be enhanced even further in microsomes that had been gassed with 02/CO2 (19:1) before their incubation with cofactors and radiolabelled substrate. This procedure was considered adequate for measuring 14a-sterol demethylase activity in C. albicans, and was used for the remainder of the experiments reported in this paper.
In some experiments microsomes were treated with CO to inhibit cytochrome P-450. This resulted in a marked decrease in the rate of metabolism of lanosterol as measured by the amount of unmetabolized [14C]-lanosterol recovered from the 4,4-dimethylated sterol fraction on t.l.c. plates. Furthermore, 14a-sterol demethylase activity was abolished completely when the triazole antifungal ICI 153066 (at a concentration of 10 /M) was added to the assay system.
The results of a typical experiment with 50 nmol of ["4C]lanosterol and 3.9 mg of microsomal protein in the standard assay are shown in Fig. 3 . When measured by either disappearance of 4,4-dimethylated sterol or production of desmethylated sterol, the rate of metabolism was constant at approx. 0.5 nmol/min for incubation periods up to 50 min, after which the metabolic rate slowed gradually. About 80 % of the lanosterol added to the standard assay was converted into desmethylated sterols after an incubation period of 100 min. Radioactivity was detected only in the bands corresponding to 4,4-dimethylated sterols and desmethylated sterols, and at the origin (approx. 1 % of the total amount of radioactivity) on t.l.c. plates from incubations up to 60 min (Fig. 4) . However, when the incubation was extended to 100 min, radioactivity was also recovered from the area separating 4,4-dimethylated sterols from desmethylated sterols on t.l.c. plates (4a-methylated sterol fraction), which accounted for about 500 of the total amount of radioactivity added to the assay system. Analysis of the acetates of the desmethylated sterol fraction by t.l.c. on AgNO3-impregnated silica gel gave essentially the same results as those obtained when sterol biosynthesis was measured with [2-14C]mevalonic acid: the most abundant desmethylated sterol product had the chromatographic properties of ergosterol acetate, with smaller amounts of the two unidentified components.
The acetates of the 4,4-dimethylated sterol fraction were separated by t.l.c. on AgNO3-impregnated silica gel into 4,4-dimethyl-A24-and 4,4-dimethyl-24,25-dihydrosteryl acetates (Table 3 ). The most predominant 4,4-dimethylated sterols were of the A24-type, accounting for approx. 7700 of the total amount of radioactivity loaded on t.l.c. plates. In some experiments the 4,4-dimethyl-A24-steryl acetates were further purified by t.l.c. on AgNO3-impregnated alumina, and the results are included in Table 3 24,25-dihydrosteryl acetates, which comprised a small proportion of the 4,4-dimethylated sterol fraction. However, despite this situation, the results given in As shown in Fig. 5 , the rate of lanosterol metabolism was linearly dependent on the amount of microsomal protein in an incubation also containing 50 nmol of lanosterol. In subsequent experiments with different concentrations of lanosterol, the amount of microsomal protein was adjusted so as to ensure that the incorporation of ['4C]lanosterol into desmethylated sterols was linear with respect to incubation time and microsomal protein. Under these conditions Lineweaver-Burk plots (Fig. 6 ) gave an apparent Km of 52.73 + 2.80 /M and an apparent Vmax of 0.84+ 0.14 nmol/min per mg of protein (n = 3 separate batches of exponentialphase cultures).
DISCUSSION
The results of the present study demonstrate that ergosterol biosynthesis in C. albicans cell lysates is dependent on the method of cell disruption. The incorporation of [2-'4C]mevalonic acid into desmethylated sterols was optimal provided that cell lysates were prepared at 4 'C with the Braun disintegrator. In some experiments the temperature of the lysate was allowed deliberately to exceed 4 'C (8-12°C), with the loss of enzyme activity and accumulation of 4,4-dimethylated sterol precursors. The same was true when yeasts were disrupted with a French pressure cell, which was unable to maintain the low temperature of the lysate. Although sphaeroplasts were disrupted at approx. 4 'C, the digestion of yeast cell walls to form sphaeroplasts was at room temperature, which may have been responsible for the low amount of enzyme activity. Together, these results suggest that the metabolism of 4,4-dimethylated sterols to ergosterol is sensitive to increases in temperature during cell breakage. In view of this situation care was taken to standardize the Braun-disintegrator 14a-Demethylation of lanosterol in Candida albicans disruption procedure to ensure that ergosterol biosynthesis was reproducible between batches of cells; the amount of [2-'4C]mevalonic acid incorporated into the 4,4-dimethylated sterol fraction was always low and reproducible, and it was concluded that the method was adequate for measuring 14ac-sterol demethylase in cell lysates and microsomes.
The solubilization of ['4C]lanosterol with the detergents Tween 40 or Tween 80 in the cofactor solution was essential for the measurement of 14a-sterol demethylase activity in experiments with microsomes. In fact, Tween 80 has been used in similar experiments with 14a-sterol demethylase in plant (Rahier & Taton, 1986) and rat liver (Gibbons et al., 1979) microsomes.
Oxygen is one of the substrates in the oxidative demethylation of lanosterol catalysed by 14a-sterol demethylase (Aoyama et al., 1984; Trzaskos et al., 1986) and, as expected, oxygenation of the microsomes enhanced the conversion oflanosterol into desmethylated sterols. Under these conditions there was a reciprocal relationship between the amount of radioactivity incorporated into desmethylated sterols and that lost from lanosterol, the major component of the 4,4-dimethylated sterol fraction (Fig. 3) . In addition, a small amount of radioactivity was incorporated into a lipid component with an RF value on silica-gel H t.l.c. plates corresponding to that of 4ax-methylated sterols, which are metabolic precursors of ergosterol (Marriott, 1980 (Alexander et al., 1974) . The identity of the large amount of radioactivity detected at the origin on AgNO3-impregnated t.l.c. plates is not known, but it has been ascribed to acidic breakdown products of the metabolic precursors of ergosterol (Alexander et al. 1974) .
C. albicans cytochrome P-450-dependent 14a-sterol demethylase is sensitive to CO, like the same enzyme in S. cerevisiae (Aoyama et al., 1984) , the plant Zea mays (Rahier & Taton, 1986 ) and rat liver (Gibbons et al., 1979; Trzaskos et al., 1984) . Furthermore, the mean apparent Km value of 52.73 /M for the C. albicans enzyme compares closely with a value of 50 /tM for the rat liver enzyme tested with 24,25-dihydrolanosterol in microsomal preparations (Gibbons et al., 1976; Trzaskos et al., 1984) ; there are no results for other fungi for comparison.
Cytochrome P-450-dependent 14a-sterol demethylase purified to homogeneity from S. cerevisiae and rat liver (Trzaskos et al., 1986 ) is responsible for the complete oxidative demethylation of 24,25-dihydrolanosterol to 4,4-dimethyl-Sa-cholesta-8,,14-dien-3,l-ol and formic acid, via three mono-oxygenation steps (i.e. CH3 --CH2OH -. CHO -+ HCO2H). The inhibition of [14C]lanosterol metabolism with CO or ICI 153066 in C. atbicans microsomes indicates that the first oxidative step of the demethylation reaction is cytochrome-P-450-dependent. However, the role of this Vol. 260 cytochrome in the subsequent oxidations is not known. The purification of cytochrome P-450-dependent 14a-sterol demethylase from C. albicans should resolve the full extent of the contribution of this enzyme to 14a-demethylation.
In conclusion, the present study is an important advance in the measurement and characterization of 14ac-sterol demethylase in C. albicans, and should prove useful in the evaluation of azole antifungal agents which work by inhibiting the enzyme.
